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Abstract 
We have examined sectioned and whole teeth 
of Hipposideros diadema in order to provide a 
baseline description of bat enamel at electron 
microscope level. Intact and worn surfaces of 
whole teeth from representatives of all 
superfamilies of the suborder Microchiroptera, 
representatives of the suborder Megachiroptera, 
and the Ditjimanka fossil tooth have been 
surveyed. 
Whole chiropteran teeth lend themselves well 
to non-destructive SEM examination; all except 
Dobsonia sp. showing evidence of prismatic 
structure at the outer surface. The majority of 
prisms in chiropteran enamel are horse-shoe 
shaped becoming rounded and complete only towards 
the outer enamel surface. Prism packing is 
typically Pattern 3 near the enamel-dentine 
junction and Pattern 2 where the enamel is 
sufficiently thick. A major feature is the 
consistent presence of a minor boundary plane 
("seam") at the open end of horse-shoe shaped 
prisms. Enamel tubules were found at the enamel-
dentine junction of a number of species and 
consistently at the outer enamel surface of one, 
Macroglossus minimus. 
Further examination of embedded material is 
planned in order to quantify prism shape, prism 
packing and the disposition of tubules in 
chiropteran enamel. 
Key Words: Chi r opt er a / En am e 1 / SE M / 
Comparative Dental Histology/ Prism Shape / 
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Introduction 
The Chiroptera constitute a diverse and 
widely distributed group of mammals, its 950 
identified species making it the second largest 
mammalian order after the Rodentia. In recent 
years, considerable attention has been focused on 
all aspects of bat biology including morphology 
and phylogeny (see review by Hill and Smith, 
1984). 
There is no substantial body of literature 
on chiropteran enamel and we are unaware of any 
published account of its morphology at electron 
microscope level. Present understanding is based 
largely on the work of Loher (1929), Shobusawa 
(1952), Friant (1964) and Boyde (1964). 
Chiropteran enamel has previously been 
categorized as Pattern 1, having cylindrical 
(circular in transverse section) prism boundaries 
with separate "inter-prismatic regions", as is 
also found in Sirenia, Insectivora (Laher, 1929), 
Odontoceti (Shobusawa, 1952) and the cuspal 
enamel of human teeth (Boyde, 1964). The prisms 
do not slope greatly against the enamel-dentine 
junction nor do 
(Boyde, 1964). 
Myotis myotis) 
they form into decussating zones 
Loher (1929), Friant (1964) (in 
and Boyde (1964) (in Pteropus 
poliocephalus, Megaderma l.Y.ll and Barbastella 
barbastellus) have confirmed by light microscopy 
the presence of enamel tubules in the species 
they examined. 
The origin of the present work lies in part 
with the discovery and subsequent study of 
Australia's oldest known bat fossil from the 15 
million year old Ditjimanka local fauna of the 
Simpson Desert, South Australia (Archer, 1978). 
The macromorphology of this isolated upper molar 
has enabled no definitive familial determination 
(Hand, 1984). Given the current interest in 
enamel ultrastructure and its potential 
application to phylogenetic considerations 
(Sahni, 1979; Fosse et al., 1985; Carlson and 
Krause, 1985), it seemed reasonable to examine 
the fossil tooth by scanning electron microscopy 
(SEM) and to compare it to known extant and 
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fossil material. A new, taxonomically useful 
chiropteran dental character system might also 
help to identify a number of enigmatic specimens 
retrieved from exceptionally fossil bat rich, 
tertiary-aged deposits on Riversleigh Station, 
northwestern Queensland (Sige et al., 1982; 
Hand, 1985; Hand and Archer, 1986). 
The specific aims of this work were: 
i) to examine sectioned and whole teeth of 
Hipposideros diadema (Family Hipposideridae, 
Superfamily Rhinolophoidea, Suborder 
Microchiroptera) in order to provide a base-
line description of bat enamel at electron 
microscope level, and 
ii) to survey by SEM whole teeth of 
representatives of all the superfamilies of 
the Suborder Microchiroptera, represent-
atives of the Suborder Megachiroptera and 
the Ditjimanka fossil tooth. 
It was necessary to restrict the survey to 
whole teeth in that a majority of the specimens 
is rare and valuable to the collection from which 
they were loaned making non-destructive 
examination imperative. 
Materials and Methods 
In order to aid correlation of the 
superfamilies, a simple indication of the Order 
Chiroptera is set out below. 
Order Chiroptera (Bats): 
Sub-order Megachiroptera (one family) 
Sub-order Microchiroptera 
Superfamily Palaeochiropterygoidea 
Superfamily Emballonuroidea (three families) 
Superfamily Phyllostomoidea (four families) 
Superfamily Vespertilionoidea (two families) 
Superfamily Rhinolophoidea (four families) 
The material examined was in the form of 
dried adult teeth prepared in one of two ways. 
Etched, polished, sectioned surfaces: 
Two intact extracted molars of (i) 
Hipposideros diadema (Family Hipposideridae); 
( ii) Dobsonia sp. (Family Pt eropodidae); and 
(iii) Pteropus scapulatus (Family Pteropodidae) 
were embedded in London Resin Co. L.R. White 
resin. Surfaces parallel and transverse to the 
longitudinal axis of the teeth were prepared, 
polished and etched (at first 1% H3P04 for 5 
secs and then, when this was found to be 
excessive, 0.5% H3Po4 for 5 secs). The prepared 
surfaces were gold-coated and examined in a 
scanning electron microscope (SEM) at 15 kV, 
Hipposideros diadema (Suborder Microchiroptera) 
was chosen because of its suspected family-level 
affinity with the Ditjimanka fossil. In order to 
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find the average area occupied by one prismatic 
unit at the enamel surface, data were entered 
into a NEC microcomputer using a graphics tablet 
and a programme developed in-house. Dobsonia sp. 
and Pteropus scapulatus (Suborder Megachiroptera) 
were sectioned subsequent to the examination of 
the whole teeth to clarify the appearance of the 
enamel. 
Etched, airpolished TM whole tooth surfaces: 
Whole dried molars either extracted or in 
situ in complete or half mandibles as received 
from collections* were airpolished™ (Boyde, 
1984), etched ( 1% H 3Po4 for 5 secs), gold coated 
and examined in the SEM at 15 kV for morphologi-
cal detail of the enamel. The following species 
were examined: 
i) Hipposideros diaderna (Fam. Hipposideridae) 
ii) the Ditjimanka bat 05 x 106 yr old fossil) 
iii) Rhinolophus euryotis (Fam. Rhinolophidae) 
iv) Macroderma ~ (Fam. Megadermatidae) 
v) Nycteris sp. (Fam. Nycteridae) 
vi) Taphozous georgianus (Fam. Emballonuridae) 
vii) Artibeus sp. (Fam. Phyllostomidae) 
viii) Mystacina tuberculata (Fam. Mystacinidae) 
ix) Chalinolobus morio (Fam. Vespertilionidae) 
x) Palaeochiropteryx tupaiodon (Fam. Palae-
onycteridae - 45 x 106 yr old fossil) 
xi) Hipposideros (Brachipposideros) nooraleebus 
(Fam. Hipposideridae 12-15 x 10 6 yr. old 
fossil) 
xii) Macroglossus minimus (Fam. Pteropodidae) 
Whole and embedded teeth 
i) Pteropus scapulatus (Fam. Pteropodida0 
ii) Dobsonia sp. (Fam. Pteropodidae) 
Results 
The embedded hipposiderid material provided 
a satisfactory sampling of the full thickness of 
enamel and is presented first in order to provide 
a basis for interpreting the whole tooth pre-
parations. For the data on the external surfaces 
of the whole teeth, particular attention is paid 
to the hipposiderid material with only relatively 
brief mention made of the major features or 
differences observed in the other species 
examined. Systematic implications of these 
results for the Ditjimanka fossil bat will be 
presented elsewhere (in preparation), Finally, 
the embedded megachiropteran material of two 
species is described in order to clarify the 




Etched, polished, sectioned enamel Q.f 
Hipposideros diadema: 
The small teeth lent themselves well to this 
kind of preparation, longitudinal (Fig. 1) and 
coronal sections being easily scanned across the 
full thickness of enamel. 
i) Pris!!!_ ~: There is a consistent 
progression of change in prism shape from 
the enamel-dentine junction towards the 
outer enamel surface. The majority of 
prisms (inner two thirds of the enamel) are 
horse-shoe shaped in transverse section with 
the open face directed away from the enamel-
dentine junction (Figs 2, 3). At about the 
junction of middle and outer thirds of 
enamel, the prisms become complete and are 
variously round, ovoid and pear-shaped (Figs 
2, 4). Within this general regularity, 
there is considerable individual variation 
involving, most commonly, an indenting of 
the periphery of both open and closed types 
(Figs 3, 4). Throughout this (and other) 
material, the horse-shoe outline is 
consistently characterized by an inward curl 
at the open face terminating in bulb-like 
enlargements of the terminating boundary 
plane (sheath) delineated by the etching 
process (Fig. 3). The complete prisms 
display occasional inclusions in the form of 
internal boundary planes (? "prisms within 
prisms") (Fig. 5). A consistent effect of 
the etching process and one which caused us 
to halve both the concentration and the 
application time of the etchant was the 
profiling in and out of the section surface 
of the prism boundary plane (prism "sheath") 
(Fig. 6). This effect resulted in boundary 
planes more (dark) or less (light) 
susceptible to the etching process. 
Overal 1, there was neither an apparent 
pattern to the distribution of the 
differently affected prisms nor a numerical 
predominance of the one over the other. 
ii) Prism packing pattern: The prisms at the 
enamel-dentine junction take the form of 
wide-open incomplete horse-shoes and are 
arranged in an irregular Pattern 3 (Fig. 2). 
There are undoubted areas of Patterns 2 and 
3 in the bulk inner two thirds of the enamel 
(Figs 6, 7). Where Pattern 2 does occur it 
is of the more symmetrical, more evenly 
spaced kind with respect to prism centres 
and lacks an overwhelming inter-row sheet, 
as described elsewhere for human and monkey 
enamels (Fig. 2.21.2 of Boyde, 1964). In 
the outer third enamel, the prisms become 
complete and lend themselves to a Pattern 1 
description (Fig. 4). 
iii) Prism size: There is a considerable varia-
tio-;-i~--;;;-;;:ximum cross-sectional diameter of 
from 2 pm for slim horse-shoe prisms to 4-5 
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µm for pear-shaped, closed prisms. The 
average area occupied by one prismatic unit 
at the enamel surface (the secretory 
territory of an ameloblast) was calculated 
for 89 prisms to be 12.7 sq pm (S.D. 2.5). 
iv) Prism course: The prisms are straight and 
angled slightly from the enamel-dentine 
junction in a cuspal direction (Fig. 8). 
The prism-free zone is only marginal at both 
enamel-dentine junction and outer enamel 
surface. 
v) Enamel tubules: Smal 1 enamel tubules (0.5 
µm diameter) cross the enamel-dentine 
junction and appear to terminate at the 
first prism boundary encountered (Fig. 9). 
vi) Crystallite orientation: Quite apart from 
the self-declaring prism boundary planes 
(sheaths), the most common site for a change 
in predominant crystallite orientation is in 
the region of the open face of the horse-
shoe. Crystallite groups commonly appear 
here in predominantly oblique or 
longitudinal section in contrast to the 
majority in transverse section. This 
provides the appearance of a "stem" to some 
of the prisms. Regular indentations are 
commonly displayed along the prism 
circumference when the prisms are 
appropriately longitudinally fractured and 
it may be that projections of "inter-
prismatic" crystallites "invade" the prism 
at intervals along its length. 
Etched, airpolished™,whole tooth surfaces: 
The external tooth surfaces, unlike the 
sectioned material, were somewhat unpredictable 
in the degree of useful detail available for 
viewing. This variable was dependent in part on 
the natural history of the tooth and in part on 
•~est-mortem" preparation techniques used by the 
particular collectors or curators. In most 
cases, however, functional facets, fortuitous 
fractures an·d formed surfaces were readily 
available and displayed repetitive structural 
de tail. 
i) Hipposideros diadema: The molar presented 
extensive, functionally worn cusps and lophs 
exposing the dentine and, with it, a full 
thickness of enamel on either side. Well-
spaced, discrete, hexagonally packed prism 
outlines could be scanned from the enamel-
dentine junction to and over the outer 
enamel surface (Fig. 10). Horse-shoe shaped 
prisms predominated on the wear facets. A 
characteristic of these was a cleft or 
"seam" (narrower than the prism boundary 
plane) running from the body of the prism to 
the inter-prism via the open end of the 
horse-shoe (that is, in those surfaces away 
from the enamel-dentine junction) (Fig. 11). 

Bat Enamel 
Figs 1-9 are scanning electron micrographs of 
polished, etched, sectioned surfaces of embedded 






Survey of general morphology of crown 
and thickness of enamel available for 
examination in longitudinal section. 
Bar = 100 pm 
A montage of enamel from enamel-dentine 
junction at top to outer enamel surface 
at bottom showing the change in prism 
outline and prism packing through the 
thickness of enamel. Bar = 10 pm 
The typical horse-shoe shaped prisms 
representative of the bulk of 
Hipposideros enamel, The open face ends 
with an inward curl and bulb-like 
enlargements. Bar = 1 pm 
The completed rounded outlines of prisms 
occurring towards the outer enamel 
surface. Bar= 1 µm 
Inclusions in the complete rounded 







The variable reaction of the enamel to 
the etching process, some outlines being 
profiled outwards and others inwards. 
The prisms are close packed in a Pattern 
2 arrangement. Bar = 10 pm 
A low magnification of a large area of 
enamel showing an extensive area of 
horse-shoe shaped prisms and the 
tendency to both regular hexagonal 
packing on the right (near the enamel-
dentine junction) and row formation 
towards the middle. Bar = 10 pm 
Shows the full thickness of enamel with 
the enamel-dentine junction at right and 
the outer enamel surface at left. The 
prisms are slightly curved and there is 
a thin prismless zone at the enamel-
dentine junction. Bar= 10 pm 
A higher magnification of the enamel-
dentine junction region showing smal 1 
fine tubules passing through the first 
layer of the enamel towards the prisms. 
Bar = 1 µm 
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Undoubtedly exaggerated by both the etching 
and the vacuum conditions of microscope 
operation, the "seam" can nevertheless be 
interpreted as a minor boundary plane (Fig. 
12). Thus, there appears within the body of 
the prism and conjoined to the inter-prism, 
an additional angulation of crystal lite 
groups from either side towards the midline. 
In enamel worn more obliquely with respect 
to the prism longitudinal axis, the "seams" 
extend throughout the available inter-prism 
from the conjoined mid-point of each prism 
outline. 
The outer (unworn) enamel surface also 
exhibits extensive areas of discrete 
complete, rounded, close-packed prism 
outlines demonstrating the lack (or extreme 
thinness) of a prism-less surface layer. The 
etching process also exposed a peri-
prismatic profile to produce a relative 
halo-effect about the prisms (Fig. 13). 
ii) The Ditjimanka bat: The tooth fragment 
available for examination displayed little 
evidence of prismatic structure at the 
intact outer enamel surface except for very 
limited areas of the occasional (presumably 
wear) facet (Fig. 14). Extensive and 
variously sectioned fields of enamel were 
also available at and around a fortuitously 
fractured surface which continued through 
the thickness of the crown. Prism shape was 
predominantly horse-shoe with some completed 
profiles, the horse-shoes again having the 
bulb-like terminal enlargements described 
above for the hipposiderid. Prism packing 
was also similar, the horse-shoes being 
variously arranged in Patterns 2 and 3. A 
thin enamel face exposing longitudinally 
fractured prisms (Fig •. 15) showed them to be 
well-spaced, straight, corrugated along 
their length (diurnal variation?) and 
hexagonally packed. The minor boundary 
plane (seam) lying under the prism in the 
adjacent inter-prism was evident as for 
Hipposideros diadema. There is a very thin 
layer of prism-free outer enamel accounting 
for the lack of detail on the completed 
unworn (and unfractured) surfaces (Fig. 15). 
iii) Rhinolophus euryotis: Two fields of the 
very thin enamel of one molar are 
illustrated here. A very unevenly worn 
cuspal facet (Fig. 16) displays a mixture of 
horse-shoe shaped and rounded prism outlines 
within the one small field. More obliquely 
sectioned (worn) prisms at a ridge are 
dominated by the seaming of the inter-prism 
at their open face (Fig. 17). 
iv) Macroderma .&i..&ll: The prisms appear more 
close-packed without the same tendency to 
form columns with their accompanying and 
dominating inter-row sheet (g. especially 
Hipposideros diadema) (Fig. 18). There are 
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Figs 10-37 are scanning electron micrographs of 
intact and worn whole tooth surfaces. 
Figs 10-13 Worn cusp of Hipposideros diadema. 
Fig. 10 Prism outlines are visible in the thin 
rims of worn enamel at this magnifi-
cation. Bar = 100 µm 
Fig. 11 Medium magnification of worn surface 
showing horse-shoe shaped prisms and the 
minor boundary plane or "seam" passing 
through the open face of each horse-
shoe. Bar= 10 µm 
Fig. 12 Higher magnification of Fig. 11. Detail 
of the "seam" and exaggerated boundary 
plane of the horse-shoe shaped prism. 
Bar = 1 µm 
Fig. 13 Outer unworn surface of Hipposideros 
diadema showing completed rounded prisms 
and the halo effect resulting from etch-
ing of peri-prismatic region. Bar= 10 
µm 
Figs 14 and 15 are of Ditjimanka bat. 
Fig. 14 Shows typical bat horse-shoe shaped 
prisms at a worn surface. Bar = 10 µm 
Fig. 15 Full thickness of enamel: longitudinal 
fracture of prisms shows them to be 
well-spaced, straight and corrugated 
along their length. Bar = 10 pm 
nevertheless definite areas in the middle 
third enamel where rows begin to form (Fig. 
19) and it is significant that complete 
prisms appear only towards the edge of the 
very outer enamel. The over al 1 impression, 
however, compared to the hipposiderid is of 
a more ordered and regular inter-prismatic 
component containing close-packed prisms. 
v) Nycteris sp.: Of those whole teeth 
examined, this species exhibited the 
thinnest enamel, the most marked reaction to 
the etching process and the greatest 
proportion of completed (Pattern 1) prisms 
(Figs 20-22). The enamel presents as a 
collection of "organ pipes" with sharply 
delineated outlines surrounded by equally 
clear inter-prismatic haloes ("chocolate 
box" appearance) (Figs 21, 22). There is no 
prism-free surface layer. It is possible 
that the relatively unusual appearance of 
the e name 1 is a res u 1 t of a greater 
sensitivity (or inadvertent over-exposure) 
to the etching process. On the other hand, 
this appearance is uncommonly found in other 
(etched) mammalian enamel preparations 
Bat Enamel 
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Figs 16 and 17 are of a worn functional edge of 
Rhinolophus euryotis. 
Fig. 16 Displays a mixture of horse-shoe shaped 
and rounded prism outlines. Bar= 10 pm 
Fig. 17 Shows sectioned (worn) prisms dominated 
by seaming of the inter-prism at the 
open face. Bar= 10 pm 
Figs 18 and 19 are of Macroderma ~. 
Fig. 18 Shows high magnification of close-packed 
columns with accompanying inter-row 
sheet. There is a tendency to regular 
hexagonal packing. Bar= 10 pm 
Fig. 19 Shows another area of functional surface 
where there is greater tendency to form 
rows of horse-shoe shaped prisms. Bar= 
10 pm 
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(Boyde - personal communication). It will 
be interesting to look further in this 
species for evidence of an appropriate 
structural discontinuity in preparations of 
both developing enamel surface and 
sectioned, polished, etched, adult enamel 
surface. 
vi) Taphozous georgianus: The molar possessed 
very thin enamel containing irregular horse-
shoe shaped prisms which extended to the 
outer enamel surface (Fig. 23). In more 
obliquely sectioned facets (Fig. 24), 
structures which could be interpreted as 
enamel tubules extended from the enamel-
dentine junction into the enamel. As is 
often the case with apparent tubules in 
longitudinal section, it is difficult to be 
certain they are not cracks in the enamel 
encouraged by the vacuum conditions - this 




Figs 20 to 22 are of Nycteris sp. 
Fig. 20 A low magnification of occlusal surface 
of two molars in the mandible adjacent 
to the condyle (bottom right). Bar= l 
mm 
Fig. 21 Outer enamel surface showing etched 
prisms as "organ pipes". The dentine is 
towards the bottom right. Bar = 10 µm 
Fig. 22 Etched prism outlines creating a 
"chocolate box" effect at the outer 
enamel surface. Bar = 10 µm 
Figs 23-24 are functional surfaces of Taphozous 
georgianus 
Fig. 23 Very thin enamel with prisms extending 
to the outer enamel surface. Bar= 10 µm 
Fig. 24 A more obliquely sectioned (worn) 
surface with what appear to be enamel 
tubules passing from the junction (at 
right) through a large part of the 
thickness of the enamel. Bar = 10 µm 
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vii) Artibeus sp.: Only very irregular surfaces 
were available naturally on the teeth 
examined. Prism outlines tended to be 
complete, often irregular (pear-shaped with 
apex to the enamel-dentine junction), 
occasionally to abut and even interdigitate. 
There was an obvious prism-free surface 
zone. The "seaming" of the inter-prism and 
the continuation of this effect in the prism 
on the side away from the enamel-dentine 
junction suggests that other kinds of 
preparation might well show these to be 
incomplete horse-shoes. 
viii)Mystacina tuberculata: The enamel of these 
molars was striking for the differences in 
size and shape of prisms through the 
thickness of the enamel, for the lack of 
closed prism shapes, for the close packing 
of the prisms and for the differences in 
intra-prismatic crystallite orientation in 
the one sectional plane (Fig. 25). The 
prisms increase markedly in diameter away 
from the enamel-dentine junction. The horse-
shoe shape is more often leaf-like with the 
point projecting to or between adjacent 
prisms (Fig. 26). Two minor domains were 
clear in each prism outline with the seam 
extending through the open face. In some 
longitudinal fracture surfaces, a clear 
inter-row sheet component could be 
identified reflecting the presence of 
Pattern 2 prism packing. Longitudinally 
fractured prisms were found to be furrowed 
at what would be their open face in 
transverse section (Fig. 27). 
ix) Chalinolobus morio: A prismatic pattern was 
evident over the entire surface of these 
delicate small teeth (Fig. 28). The leaf-
1 ike projections of individual prisms 
appeared split in the mid-line (seam) by the 
angled crystallite groups meeting at their 
point of contiguity with the inter-prism 
(the open face) (Fig. 29). On occlusal 
ridges, the horse-shoes opened away from the 
ridge towards the cervical (Boyde, 1964) and 
areas of Pattern 2 and Pattern 3 packing 
appeared within the same field (Fig. 30). 
In the cervical region, the enamel was 
extremely thin and fragile and the etching 
process produced a "chocolate box" effect, 
although close examination reveals a horse-
shoe outline to most of the severely etched 
prisms. 
x) Palaeochiropteryx tupaiodon: Prismatic 
detail in this fossil tooth could only be 
gleaned from apparently worn facets. At a 
marginal ridge (Figs 31, 32), exposed horse-
shoe outlines were arranged in discrete 
areas in both Pattern 2 and Pattern 3. 
Information at the surface of the fossil 
tooth was limited and no attempt was made to 
expose further the internal enamel. Further 
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Figs 25-27 are molars of Mystacina tuberculata. 
Fig. 25 Shows striking differences in both size 
and shape of prisms through the 
thickness of the enamel (dentine bottom 
right). Bar= 10 pm 
Fig. 26 Shows very prominent 
of leaf-like prisms. 
"seam" through base 
Bar = 1 pm 
Fig. 27 Shows longitudinally fractured prisms 
with furrowed bases (open end of horse-
shoe in transverse section), an inter-
prism component (bottom right) and a 
portion of inter-row sheet (top left), 
Bar=lOJ-lm 
Figs 28 to 30 are of the outer enamel surface of 
Chalinolobus morio. 
Fig. 28 Prisms appear over the entire surface of 
the molar cusp. Bar = 10 pm 
Fig. 29 Higher magnification of Fig. 28 shows 
the longitudinal seaming of the exposed 
prism bases, Bar = 10 µm 
Fig. 30 Shows prism outlines at a ridge on the 
outer enamel surface. The vast majority 
are horse-shoe shaped. Definite Pattern 
2 and Pattern 3 packing is evident. Bar 
= 10 Jlm 
study of the enamel of this and oth@r 
palaeochiropterygoids is the subject of 
joint work in progress with G. Storch. 
xi) Hipposideros (Brachipposideros) nooraleebus: 
This intact and well-preserved fossil molar 
presented numerous worn facets at which 
hexagonally packed, well-spaced prisms 
gradually changed from a horse-shoe to a 
rounded complete outline at the outer 
enamel. Commonly, there was a zone between 
the two where "fattened pear-shape" prisms 
occurred with indented bases towards the 
enamel-dentine junction (occlusal ?). 
"Seaming" was also evident at the open end 
of the horse-shoes (Fig. 33). 
xii) Macroglossus minimus: The surface of the 
low-crowned megachiropteran molar was free 
of prism detail except in isolated areas of 
wear or damage (Fig. 34), In these areas, 
irregular leaf-like prism outlines were 
associated with clear tubule openings either 
within or at the boundary of the prism 
domain (Fig. 35). The limited display could 
be interpreted as a Pattern 3 packin~ 
Whole and Embedded Teeth 
The remaining two megachiropteran teeth, 
Pteropus scapulatus and Dobsonia sp., were devoid 
Bat Enamel 
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Figs 31-32 are of Palaeochiropteryx tupaiodon. 
Fig. 31 A low magnification of the whole molar 
to identify the worn facets in the 
cuspal ridge (centre of picture)'. Bar = 
100 µm 
Fig. 32 Higher magnification of ridge shows the 
horse-shoe shaped outlines in fairly 
hexagonal array with a slight tendency 
to row formation. Bar = l O pm 
Fig. 33 Hipposideros nooraleebus shows well-
spaced prisms with largely completed 
pear-shaped outlines over a worn enamel 
ridge. Bar = 1 µm 
Figs 34 and 35 are of Macroglossus minimus. 
Fig. 34 Occlusal surface showing the lack of 
cusps and wear typical of the 
Megachiropterans. Bar= 100 pm 
Fig. 35 Outer enamel surface showing leaf-like 
prism outlines together with patent 
tubule openings. Bar= 10 pm 
Bat Enamel 
Fig. 36 Pteropus scapulatus. An embedded, 
sectioned surface shows a very thin 
enamel, one to two rows thick and with 
largely rounded prism outlines and an 
extensive prism-free outer zone of 
parallel crystallite groups. Bar= 10 
pm 
Fig. 37 A prepared (cut) surface of Dobsonia sp. 
showing horse-shoe prisms in Pattern 3 
packing (enamel-dentine junction to the 
right). Bar = 10 Jlm 
Fig. 38 An embedded, sectioned, polished, etched 
surface of Dobsonia sp. showing the 
clarity of prism outline at the enamel-
dentine junction (to top) which quickly 
fades towards the outer enamel surface 
(to bottom). Bar= 10 _µm 
of any indication of prismatic detail at the 
outer enamel surface. Smal 1 chipped or worn 
areas likewise revealed no prismatic structure. 
In order to elucidate the structure of the 
enamel, the teeth were cut with a high speed 
tungsten carbide bur and others were embedded, 
sectioned and etched. 
i) Pteropus scapulatus: A section of embedded 
molar transverse to the longitudinal axis 
displayed a very thin enamel, only two prism 
widths thick in places (Fig. 36). These 
prisms were mostly rounded and complete with 
half of the enamel (at its outer surface) 
being prism-free and thus accounting for the 
lack of detail found at the outer surface of 
the whole teeth. 
ii) Dobsonia sp.: A tangentially cut enamel 
surface of a molar revealed close-packed 
horse-shoe prisms at the enamel-dentine 
junction which became less and less clearly 
outlined away from the junction (Fig. 37). 
The embedded sectioned specimen confirmed 
the clarity of the Pattern 3 arrangement and 
the loss of detail at about one third of the 
way through the thickness of the enamel 
towards the outer surface (Fig. 38). 
Discussion 
This is the first time to our knowledge that 
chiropteran teeth have been examined in this way 
or to this extent. Whole bat teeth, either 
extracted and in isolation or in situ in a 
mandible or maxilla, lend themselves well to SEM 
examination. The majority either have wear 
facets exposing a full thickness of enamel and 
the prismatic structure therein, or else, show 
evidence of prisms at the outer enamel surface. 
There is some difficulty in allowing for the 
variable plane of naturally occurring enamel 
section and some difficulty in interpreting or 
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extrapolating from the intact outer enamel 
surface given the known and anticipated changes 
in prism shape throughout the thickness of 
mammalian enamels (for discussion of this, see 
Boyde and Martin, 1982; 1984). Nevertheless, 
valuable information may be gleaned from museum 
specimens which remain intact and returnable to 
the co 11 e ct ion. Where teeth are av a i 1 ab 1 e for 
destructive examination, sectioning of embedded 
specimens provides vital substantiation of 
internal detail unavailable or hidden in the 
whole teeth however fortunately worn or 
fortuitously fractured. 
An important conclusion from the present 
work is that the majority of prisms in 
chiropteran enamel are of horse-shoe shape and 
will normally become complete (rounded) towards 
the outer enamel surface. Undoubtedly, the 
etching effect is disruptive at boundary plane 
sites and it is possible that some specimens may 
have been over-exposed (or over-sensitive) to the 
etching process. An incomplete boundary to a 
prism can not, however, be the result of over-
etching although it might be possible for an 
apparently complete prism outline to have been 
artificially extended by the etching process. 
If chiropteran enamel has prisms which are 
in the main incomplete (horse-shoes), then it can 
not, by definition, be of Pattern 1 type. As to 
the characterization of the horse-shoe packing, 
it was typically Pattern 3 at the enamel-dentine 
junction in all enamels described here, there 
being no indication of the ordering necessary for 
Pattern 2. In the atypical Dobsonia sp., there 
is no Pattern 2 in the remaining bulk of the 
enamel, In other chiropterans, where the enamel 
thickness allows, there is Pattern 2 packing 
mostly of the kind described by Boyde (1964) for 
human cuspal enamel - that is, well-spaced, 
ordered, without obvious inter-row sheet 
development and with the fundamental hexagonal 
packing always discernible, It is only for 
relatively discrete areas that there occurs 
pronounced inter-row sheet with prisms cl~sely 
juxtaposed along the longest axis of the ovoid, 
A major feature of chiropteran enamel 
described here is the "seaming" at the open end 
of the horse-shoe shaped prism and contiguous 
inter-prismatic region, It was clear that this 
"minor" boundary plane may become artificially 
exaggerated by repeated exposure of the specimen 
to the vacuum conditions of the SEM. The seam 
derives from the meeting of two domains quite 
identifiable and separate from the body of the 
prism (the rounded head) and the immediately 
surrounding inter-prism domain beyond the 
"sheath", In other words, there is an additional 
plane to be considered in the three dim:nsio~al 
modelling of bat enamel and in the consid~ration 
of its development. It is our intention to 
examine the anorganic developing surface of 
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chiropteran enamel for what should be appro?riate 
additional contour(s) to which to relate the 
adult crystallite pattern. 
In preliminary investigations, we have 
observed a similar "seam" feature in palaeoryctid 
insectivore enamel not found in erinaceid or 
soricid insectivore enamel or in primates, The 
significance of this in terms of chiropteran 
affinities is currently being explored (in 
preparation). 
Short enamel tubules are illustrated here in 
Hipposideros diadema and Taphozous georgianus, 
The assessment of the presence or absence of 
similar short tubules in our remaining material 
is unfortunately not definitive. A clear 
exception is the display of tubules at the outer 
enamel surface of the megachiropteran 
Macroglossus minimus. Unfortunately, no internal 
enamel exposed to the level of the enamel-dentine 
junction was available in this whole tooth 
specimen for examination to allow the mapping of 
tubule course. Further embedded sectioned 
material is required to elucidate the extent of 
enamel tubule development in the Chiroptera. 
It is clear that both extant and fossil 
chiropteran teeth may be examined in a non-
destructive way for details of their enamel 
structure, Any attempt to interpret the prism-
packing pattern of chiropteran enamel inevitably 
opens up for discussion the important 
contributions of Shobusawa (1952) and Boyde 
(1964). The qualitative parameters of the 
packing patterns are further challenged by 
consideration of fossil enamels where the pri5ffi 
centres are characteristically further apart. 
The generalized schemata put forward to help 
categorize different enamels rely on a number of 
characters: 
i) prism shape - either complete (Pattern 
1), or horse-shoe (Pattern 
2 or 3); 
ii) prism alignment - either clearly hexagonally 
packed (Pattern 1, Pattern 
3 and some Pattern 2) or, 
if horse-shoe prisms, 
aligned predominantly 
along long axis of ovoid 
with dominant inter-row 
sheets (Pattern 2A), or 
short axis of ovoid 
(Pattern 2B) with no 
inter-row sheet; 
iii) prism centre separation - close packed 
(extant) or well spaced 
(fossil), 
It would be very useful to attempt to 
quantify these characters, perhaps through a 
computer-aided morphometric programme, and to 
determine if there might be other characters of 
significance, A consistently confusing factor 
Bat Enamel 
for our interpretation of chiropteran enamel has 
been the lack of symmetry of the horse-shoes (one 
side characteristically shorter than the other) 
and the fact that their alignment, when in 
evidence, may not necessarily be along the 
longest diameter of the ovoid. 
Conclusions 
1. Whole chiropteran teeth either extracted or 
in situ in mandible or maxilla lend them-










All of the teeth examined except those of 
Dobsonia sp. showed evidence of prismatic 
structure at the outer surface; either at 
intact surface or at worn facets, 
The majority of prisms in chiropteran enamel 
are of horse-shoe shape and become rounded 
and complete only towards the outer enamel 
surface. 
There is considerable variation in width of 
prisms through the thickness of the enamel 
from 2 µm to 5 µm (average prismatic unit 
area for Hipposideros diadema 12.7 sq µm). 
Prism packing is typically Pattern 3 near 
the enamel-dentine junction and Pattern 2 
where the enamel is sufficiently thick. 
This Pattern 2 is well spaced and ordered, 
without obvious inter-row sheet development, 
and with the fundamental hexagonal packing 
pattern always discernible - as described by 
Boyde (1964) for human cuspal enamel. 
A major feature of chiropteran enamel is the 
consistent presence of a minor boundary 
plane ("seam") at the open end of the horse-
shoe shaped prisms. 
Enamel tubules were found at the enamel-
dentine junction of a number of the species 
examined and consistently at the outer 
enamel surface of only one, Macroglossus 
minimus. 
The enamel of Dobsonia sp. is atypical in 
being relatively thick compared with the 
other species examined and with prism 
outlines, discernible by the methods used 
here, only near the enamel-dentine junction. 
More extensive examination of embedded 
sectioned material is required in order to 
quantify further prism shape, 
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Discussion with Reviewers 
PM Butler: You do not specify which teeth were 
examined, for example, upper or lower. Is it 
safe to assume that enamel structure is the same 
throughout the dentition? 
Authors: We have found the same types of enamel 
structure in teeth from both jaws. 
PM Butler: An interesting aspect of this work is 
the introduction of a new data bearing on 
phylogeny. Because of the different tooth and 
skull morphology, it has been suggested that the 
Michrochiroptera and Megachiroptera are not 
closely related. Would you agree that shared 
derived characters of the enamel support a 
monophyletic origin of bats? 
Authors: If found and fully documented, yes. 
1!. Sige: The authors failed to reach any formal 
phylogenetic conclusions or to make even new 
suggestions from their descriptive account. By 
failing to exemplify the usefulness of this new 
tool, or at least to cite some major problems of 
bat phylogeny where it could be used, the reader 
may reach the conclusion that SEM study of enamel 
has no evident advantage. For instance, it would 
be interesting to consider, on the basis of 
enamel structure the problem of the monophyletic 
versus the dyphyletic origin of bats (see Hill 
and Smith 1984). 
Authors: We feel that more work should be done 
before we make any significant speculation 
concerning the use of our results in reaching 
phylogenetic conclusions. We have shown here, 
for the first time, a new feature of enamel 
structure which raises the exciting possibility, 
if this can not be found in other mammalian 
groups, of the use of this feature in further 
studies. 
